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1
INDIRECT HCCI COMBUSTION CONTROL

TECHNICAL FIELD

This disclosure relates to operation and control of homo-
geneous-charge compression-ignition (HCCI) engines.

BACKGROUND

The statements in this section merely provide background
information related to the present disclosure. Accordingly,
such statements are not intended to constitute an admission of
prior art.

Internal combustion engines, especially automotive inter-
nal combustion engines, generally fall into one of two cat-
egories, spark ignition engines and compression ignition
engines. Traditional spark ignition engines, such as gasoline
engines, typically function by introducing a fuel/air mixture
into the combustion cylinders, which is then compressed in
the compression stroke and ignited by a spark plug. Tradi-
tional compression ignition engines, such as diesel engines,
typically function by introducing or injecting pressurized fuel
into a combustion cylinder near top dead center (TDC) of the
compression stroke, which ignites upon injection. Combus-
tion for both traditional gasoline engines and diesel engines
involves premixed or diffusion flames that are controlled by
fluid mechanics. Each type of engine has advantages and
disadvantages. In general, gasoline engines produce fewer
emissions but are less efficient, while, in general, diesel
engines are more efficient but produce more emissions.

More recently, other types of combustion methodologies
have been introduced for internal combustion engines. For
example, a homogeneous charge compression ignition
(HCCI) combustion mode includes a distributed, flameless,
auto-ignition combustion process that is controlled by oxida-
tion chemistry, rather than by fluid mechanics. In a typical
engine operating in HCCI combustion mode, the cylinder
charge is nearly homogeneous in composition temperature at
intake valve closing time. Because auto-ignition is a distrib-
uted kinetically-controlled combustion process, the engine
operates at a very dilute fuel/air mixture (i.e., lean of a fuel/air
stoichiometric point) and has a relatively low peak combus-
tion temperature, thus forming extremely low nitrous oxides
(NOx) emissions. The fuel/air mixture for auto-ignition is
relatively homogeneous, as compared to the stratified fuel/air
combustion mixtures used in diesel engines, and, therefore,
the rich zones that form smoke and particulate emissions in
diesel engines are substantially eliminated. Because of this
very dilute fuel/air mixture, an engine operating in the auto-
ignition combustion mode can operate unthrottled to achieve
diesel-like fuel economy. The HCCI engine can also operate
at stoichiometry with substantial amounts of exhaust gas
recirculation (EGR).

There is no direct control of start of combustion for an
engine operating in the auto-ignition mode, as the chemical
kinetics of the cylinder charge determine the start and course
of the combustion. Chemical kinetics are sensitive to tem-
perature and pressure, as such, the controlled auto-ignition
combustion process is sensitive to temperature and pressure.
One variable affecting the combustion initiation and progress
is the effective temperature of the cylinder structure, i.e.,
temperature of cylinder walls, head, valve, and piston crown.
Therefore, controlling the start of combustion for an engine
operating in the auto-ignition mode is very hard to control,
where poor combustion initiation timing can lead to poor
overall combustion phasing.
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It is known to control the start of combustion and combus-
tion phasing based on differences between desired and moni-
tored combustion output parameters. For instance, air-fuel
ratio and peak pressure after a combustion event can be moni-
tored and compared with respective desired combustion out-
put parameters. However, the combustion output parameters
can only be obtained after the combustion event has occurred,
resulting in a complex and convolute relationship between
maintaining desired combustion output parameters when
monitored combustion output parameters deviate there from.

SUMMARY

A method for controlling combustion in a spark-ignition
direct-injection internal combustion engine includes moni-
toring at least one combustion input parameter, and when the
at least one monitored combustion input parameter deviates
from a respective desired combustion input parameter, adjust-
ing a combustion input mechanism associated with control-
ling the at least one monitored combustion input parameter to
converge toward the respective desired combustion input
parameter.

BRIEF DESCRIPTION OF THE DRAWINGS

One or more embodiments will now be described, by way
of'example, with reference to the accompanying drawings, in
which:

FIG. 1 illustrates an exemplary internal combustion engine
system, in accordance with the present disclosure;

FIG. 2 illustrates a combustion input parameter controller
for adjusting a combustion input mechanisms associated with
controlling a monitored combustion input parameter to con-
verge toward a respective desired combustion input param-
eter, in accordance with the present disclosure; and

FIG. 3 illustrates a combustion input parameter controller
for monitoring a plurality of combustion input parameters
and adjusting respective combustion input mechanisms for
controlling each respective combustion input parameter that
deviates from a respective desired combustion input param-
eter, in accordance with the present disclosure.

DETAILED DESCRIPTION

Referring now to the drawings, wherein the depictions are
for the purpose of illustrating certain exemplary embodi-
ments only and not for the purpose of limiting the same, FI1G.
1 schematically shows an exemplary internal combustion
engine 10 and an accompanying control module 5 that have
been constructed in accordance with an embodiment of the
disclosure. The engine 10 is selectively operative in a plural-
ity of combustion modes, including a controlled auto-ignition
(HCCI) combustion mode and a homogeneous spark-ignition
(SI) combustion mode. The engine 10 is selectively operative
at a stoichiometric air/fuel ratio and at an air/fuel ratio that is
primarily lean of stoichiometry. It is appreciated that the
concepts in the disclosure can be applied to other internal
combustion engine systems and combustion cycles.

In one embodiment the engine 10 can be coupled to a
transmission device to transmit tractive power to a driveline
of'a vehicle. The transmission can include a hybrid transmis-
sion including torque machines operative to transfer tractive
power to a driveline.

The exemplary engine 10 includes a multi-cylinder direct-
injection four-stroke internal combustion engine having
reciprocating pistons 14 slidably movable in cylinders 15
which define variable volume combustion chambers 16. Each



US 9,163,569 B2

3

piston 14 is connected to a rotating crankshaft 12 by which
linear reciprocating motion is translated to rotational motion.
An air intake system provides intake air to an intake manifold
29 which directs and distributes air into intake runners of the
combustion chambers 16. The air intake system includes
airflow ductwork and devices for monitoring and controlling
the airflow. The air intake devices preferably include a mass
airflow (MAF) sensor 32 for monitoring mass airflow and
intake air temperature. A throttle valve 34 preferably includes
an electronically controlled device that is used to control
airflow to the engine 10 in response to a control signal (ETC)
from the control module 5. A pressure sensor 36 in the intake
manifold 29 is configured to monitor manifold absolute pres-
sure and barometric pressure. An external flow passage recir-
culates exhaust gases from engine exhaust to the intake mani-
fold 29, having a flow control valve referred to as an external
exhaust gas recirculation (EGR) valve 38. The control mod-
ule 5 is operative to control mass flow of exhaust gas to the
intake manifold 29 by controlling opening of the EGR valve
38. Hence, an intake oxygen (O,) concentration entering the
engine can be controlled by controlling the opening of the
EGR valve 38. In an exemplary embodiment, the intake O,
concentration in the intake manifold 29 when the EGR valve
38 is closed is substantially 21%. The intake O, concentration
can be monitored by an oxygen sensor 8.

Airflow from the intake manifold 29 into the combustion
chamber 16 is controlled by one or more intake valve(s) 20.
Exhaust flow out of the combustion chamber 16 is controlled
by one or more exhaust valve(s) 18 to an exhaust manifold 39.
The engine 10 is equipped with systems to control and adjust
openings and closings of the intake and exhaust valves 20 and
18. In one embodiment, the openings and closings of the
intake and exhaust valves 20 and 18 can be controlled and
adjusted by controlling intake and exhaust variable cam phas-
ing/variable lift control (VCP/VLC) devices 22 and 24
respectively. The intake and exhaust VCP/VLC devices 22
and 24 are configured to control and operate an intake cam-
shaft 21 and an exhaust camshaft 23, respectively. The rota-
tions of the intake and exhaust camshafts 21 and 23 are linked
to and indexed to rotation of the crankshaft 12, thus linking
openings and closings of the intake and exhaust valves 20 and
18 to positions of the crankshaft 12 and the pistons 14.

The intake VCP/VLC device 22 preferably includes a
mechanism operative to switch and control valve lift of the
intake valve(s) 20 and variably adjust and control phasing of
the intake camshaft 21 for each cylinder 15 in response to an
intake phase control signal 7 from the control module 5. The
exhaust VCP/VLC device 24 preferably includes a control-
lable mechanism operative to variably switch and control
valve lift of the exhaust valve(s) 18 and variably adjust and
control phasing of the exhaust camshaft 23 for each cylinder
15 in response to an exhaust phase control signal 11 from the
control module 5.

The intake and exhaust VCP/VLC devices 22 and 24 each
preferably include a controllable two-step variable lift control
(VLC) mechanism operative to control magnitude of valve
lift, or opening, of the intake and exhaust valve(s) 20 and 18,
respectively, to one of two discrete steps. The two discrete
steps preferably include a low-lift valve open position (about
4-6 mm in one embodiment) preferably for load speed, low
load operation, and a high-lift valve open position (about 8-13
mm in one embodiment) preferably for high speed and high
load operation. The intake and exhaust VCP/VLC devices 22
and 24 each preferably includes a variable cam phasing
(VCP) mechanism to control and adjust phasing (i.e., relative
timing) of opening and closing of the intake valve(s) 20 and
the exhaust valve(s) 18, respectively. Adjusting the phasing
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refers to shifting opening times of the intake and exhaust
valve(s) 20 and 18 relative to positions of the crankshaft 12
and the piston 14 in the respective cylinder 15. The VCP
mechanisms of the intake and exhaust VCP/VLC devices 22
and 24 each preferably has a range of phasing authority of
about 60°-90° of crank rotation, thus permitting the control
module 5 to advance or retard opening and closing of one of
intake and exhaust valve(s) 20 and 18 relative to position of
the piston 14 for each cylinder 15. The range of phasing
authority is defined and limited by the intake and exhaust
VCP/VLC devices 22 and 24. The intake and exhaust VCP/
VLC devices 22 and 24 include camshaft position sensors to
determine rotational positions of the intake and the exhaust
camshafts 21 and 23. The VCP/VLC devices 22 and 24 are
actuated using one of electro-hydraulic, hydraulic, and elec-
tric control force, controlled by the control module 5.

The engine 10 includes a fuel injection system, including a
plurality of high-pressure fuel injectors 28 each configured to
directly inject a mass of fuel into one of the combustion
chambers 16 in response to a signal 17 from the control
module 5. The fuel injectors 28 are supplied pressurized fuel
from a fuel distribution system.

The engine 10 includes a spark-ignition system by which
spark energy can be provided to a spark plug 26 forigniting or
assisting in igniting cylinder charges in each of the combus-
tion chambers 16 in response to an ignition control signal 9
from the control module 5.

The engine 10 is equipped with various sensing devices for
monitoring engine operation, including a crank sensor 42
having output RPM and operative to monitor crankshaft rota-
tional position, i.e., crank angle and speed, in one embodi-
ment a combustion sensor 30 configured to monitor combus-
tion, and an exhaust gas sensor 40 configured to monitor
exhaust gases, typically an air/fuel ratio sensor. The combus-
tion sensor 30 includes a sensor device operative to monitor a
state of a combustion parameter and is depicted as a cylinder
pressure sensor operative to monitor in-cylinder combustion
pressure. The output of the combustion sensor 30 and the
crank sensor 42 are monitored by the control module 5 which
determines combustion phasing, i.e., timing of combustion
pressure relative to the crank angle of the crankshaft 12 for
each cylinder 15 for each combustion cycle. The combustion
sensor 30 can also be monitored by the control module 5 to
determine an indicated mean-effective-pressure (IMEP) for
each cylinder 15 for each combustion cycle. Preferably, the
engine 10 and control module 5 are mechanized to monitor
and determine states of IMEP for each of the engine cylinders
15 during each cylinder firing event. Alternatively, other sens-
ing systems can be used to monitor states of other combustion
parameters within the scope of the disclosure, e.g., ion-sense
ignition systems, and non-intrusive cylinder pressure sensors.
A pressure sensor 51 in the exhaust manifold 39 is configured
to monitor manifold absolute pressure and barometric pres-
sure in the exhaust manifold 39. Accordingly, a pressure ratio
or difference can be determined based on the measurements
between the pressure sensor 36 in the intake manifold 29 and
the pressure sensor 51 in the exhaust manifold 39.

Control module, module, control, controller, control unit,
processor and similar terms mean any one or various combi-
nations of one or more of Application Specific Integrated
Circuit(s) (ASIC), electronic circuit(s), central processing
unit(s) (preferably microprocessor(s)) and associated
memory and storage (read only, programmable read only,
random access, hard drive, etc.) executing one or more soft-
ware or firmware programs or routines, combinational logic
circuit(s), input/output circuit(s) and devices, appropriate sig-
nal conditioning and buffer circuitry, and other components
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to provide the described functionality. Software, firmware,
programs, instructions, routines, code, algorithms and similar
terms mean any controller executable instruction sets includ-
ing calibrations and look-up tables. The control module has a
set of control routines executed to provide the desired func-
tions. Routines are executed, such as by a central processing
unit, and are operable to monitor inputs from sensing devices
and other networked control modules, and execute control
and diagnostic routines to control operation of actuators.
Routines may be executed at regular intervals, for example
each 3.125, 6.25, 12.5, 25 and 100 milliseconds during ongo-
ing engine and vehicle operation.

In operation, the control module 5 monitors inputs from the
aforementioned sensors to determine states of engine param-
eters. The control module 5 is configured to receive input
signals from an operator (e.g., via an accelerator pedal and a
brake pedal) to determine a torque request (To_req). It will be
appreciated that the torque request can be in response to an
operator input (e.g., via the accelerator pedal and the brake
pedal) or the torque request can be in response to an auto start
condition monitored by the control module 5. The control
module 5 monitors the sensors indicating the engine speed
and intake air temperature, and coolant temperature and other
ambient conditions.

The control module 5 executes routines stored therein to
control the aforementioned actuators to form the cylinder
charge. In an exemplary embodiment, the control module 5
can control input actuators, referred to hereinafter as combus-
tion input mechanisms, to control respective combustion
input parameters to achieve robust combustion. For instance,
controlling the throttle valve position can control intake
manifold pressure, controlling a duration of negative valve
overlap (NVO) can control intake mass airflow, controlling
the EGR valve position opening can control intake O, con-
centration, controlling a pre-injected fuel mass timing can
control an in-cylinder pressure ratio, controlling a fuel pulse
width can control injected fuel mass and controlling at least
one ofa spark ignition timing and an injected fuel mass timing
can control combustion initiation timing. Thus, controlling
combustion input parameters can allow for robust combus-
tion to be achieved prior to a cylinder event, rather than
monitoring a difference between desired output parameters
and monitored output parameters after combustion has
already occurred. Controlling output parameters after com-
bustion has occurred often results in complex and convoluted
combustion control.

Valve timing and phasing can include NVO and lift of
exhaust valve reopening (in an exhaust re-breathing strategy)
in one embodiment. The control module 5 can operate to turn
the engine 10 on and off during ongoing vehicle operation,
and can operate to selectively deactivate a portion of the
combustion chambers 15 or a portion of the intake and
exhaust valves 20 and 18 through control of fuel and spark
and valve deactivation. The control module 5 can control
air/fuel ratio based upon feedback from the exhaust gas sen-
sor 40.

During engine operation, the throttle valve 34 is preferably
substantially wide-open in the controlled auto-ignition
(HCCI) combustion modes, e.g., single and double injection
controlled auto-ignition (HCCI) combustion modes, with the
engine 10 controlled at a lean or stoichiometric air/fuel ratio.
Substantially wide-open throttle can include operating fully
un-throttled, or slightly throttled to create a vacuum in the
intake manifold 29 to affect EGR flow. In one embodiment,
in-cylinder EGR mass (i.e., internal residual gas mass) is
controlled to a high dilution rate. The intake and exhaust
valves 20 and 18 are in the low-lift valve position and the
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intake and exhaust lift timing operate with NVO. One or more
fuel injection events can be executed during an engine cycle
including at least one fuel injection event during a compres-
sion phase.

During engine operation in the homogeneous spark-igni-
tion (SI) combustion mode, the throttle valve 34 is controlled
to regulate the air flow. The engine 10 is controlled to a
stoichiometric air/fuel ratio, and the intake and exhaust valves
20 and 18 are in the high-lift valve open position and the
intake and exhaust lift timing operate with a positive valve
overlap. Preferably, a fuel injection event is executed during a
compression phase of an engine cycle, preferably substan-
tially before TDC. Spark ignition is preferably discharged at
a predetermined time subsequent to the fuel injection when
air charge within the cylinder is substantially homogeneous.

Combustion phasing in each cylinder depends upon the
thermal environment within each cylinder when the engine is
operating in the controlled auto-ignition (HCCI) mode
including spark-assisted HCCI mode during high-load opera-
tion. Combustion phasing describes the progression of com-
bustion in a cycle as measured by the crank angle of'the cycle.
One convenient metric to judge combustion phasing is CAS0
or the crank angle at which 50% of the air fuel charge is
combusted. One will appreciate that properties of a combus-
tion cycle, such as efficiency, combustion noise and combus-
tion stability, are affected by CAS50 of the cycle. Thus, main-
taining an optimal/desired combustion phasing is important
during high load HCCI operation.

As will become apparent a plurality of combustion input
parameters can be monitored, where each of said combustion
input parameters are associated with a respective combustion
input mechanism configured to control at least the respective
combustion input parameter. When at least one of the moni-
tored combustion input parameters deviates from a respective
desired combustion input parameter, at least the respective
combustion input mechanism can be adjusted to converge the
atleast one combustion input parameter toward the respective
desired combustion input parameter. It will be appreciated
that the desired combustion input parameters are selected to
maintain a desired combustion phasing for achieving accept-
able combustion stability, combustion efficiency and com-
bustion noise levels based on engine speed, engine load and
in-cylinder temperature.

FIG. 2 illustrates a combustion input parameter controller
(CIPC) 200 for adjusting a combustion input mechanism
associated with controlling a monitored combustion input
parameter to converge toward a respective desired combus-
tion input parameter when the monitored combustion input
parameter deviates from the respective desired combustion
input parameter in accordance with the present disclosure.
The CIPC 200 includes a torque module 202, a desired com-
bustion input module (DCIM) 206, a difference unit 210, a
monitored combustion input module (MCIM) 218 and a com-
bustion input mechanism module (CIMM) 214. The control
module 5 has supervisory control over the DCIM 206, the
difference unit 210, the MCIM 218 and the CIMM 214. Based
on engine operating parameters 204, the DCIM 206 deter-
mines a desired combustion input parameter 208. The desired
combustion input parameter 208 is determined to achieve a
desired combustion phasing based on the engine operating
parameters 204. The desired combustion phasing is deter-
mined for maintaining acceptable combustion properties
including combustion noise, combustion efficiency and com-
bustion stability. The engine operating parameters 204 can
include desired engine speed, desired in-cylinder tempera-
ture, desired injected fuel mass and/or desired engine load in
response to a torque request obtained by the torque module
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202. The torque request can be in response to an operator
input (e.g., via the accelerator pedal and the brake pedal), or
the torque request can be in response to an auto start condition
monitored by the control module 5.

The desired combustion input parameter 208 is input to the
difference unit 210 and compared with a monitored combus-
tion input parameter 217 output by the MCIM 218. Based on
the comparing, the difference unit 210 determines a combus-
tion input parameter deviation 212 that is input to the CIMM
214.

The CIMM 214 is configured to adjust the combustion
input mechanism for controlling the monitored combustion
input parameter 217 to converge toward the desired combus-
tion input parameter 208. In other words, the CIMM 214
adjusts the combustion input mechanism by an amount cor-
responding to the amount the combustion input parameter
216 deviates from the desired combustion input parameter
208 (e.g., by an amount corresponding to the combustion
input parameter deviation 212). Alternative embodiments
discussed below with reference to FIG. 3 can include deter-
mining a coupling between a plurality of deviated combustion
input parameters and respective ones of a plurality of com-
bustion input mechanisms based on the engine operating
mode, where at least one of the combustion input mechanisms
can be adjusted in accordance with the determined coupling.
An adjusted combustion input mechanism parameter 216 is
input to the engine 10 for controlling the monitored combus-
tion input parameter 217 to converge toward the respective
desired combustion input parameter 218.

In an exemplary embodiment of the present disclosure, the
monitored combustion input parameter 217 corresponds to a
monitored manifold pressure, the desired combustion input
parameter 208 corresponds to a desired manifold pressure
and the adjusted combustion input mechanism parameter 216
corresponds to an adjusted throttle valve position associated
with controlling the monitored manifold pressure to converge
toward the desired manifold pressure. The manifold pressure
can include a manifold pressure ratio describing a ratio of an
intake manifold pressure over an exhaust manifold pressure
obtained by the intake manifold pressure sensor 36 and the
exhaust manifold pressure sensor 51, respectively. In another
exemplary embodiment, the manifold pressure can include a
manifold pressure difference describing a difference between
the intake manifold pressure and the exhaust manifold pres-
sure obtained by the intake manifold pressure sensor 36 and
the exhaust manifold pressure sensor 51, respectively. Moni-
toring at least one of the manifold pressure ratio and the
manifold pressure difference can correlate to internal residual
gas mass within the cylinder from a previous combustion
cycle, where adjusting the throttle valve position can increase
or decrease the manifold pressure ratio and the manifold
pressure difference. The amount the throttle valve position is
adjusted can correspond to an amount proportional to the
combustion input parameter deviation 212. Adjusting throttle
valve position associated with controlling the at least one of
the monitored manifold pressure ratio and the monitored
manifold pressure difference can be dominantly utilized
when a substantially wide-open throttle is not desirable, such
as during stoichiometric operating modes. However, it will be
appreciated that the throttle valve position can be slightly
adjusted (e.g., throttled) to create a vacuum in the intake
manifold 29 to affect external EGR flow entering the engine
even when substantially wide-open throttle is preferred.

In another exemplary embodiment of the present disclo-
sure, the monitored combustion input parameter 217 corre-
sponds to a monitored intake mass airflow (MAF), the desired
combustion input parameter 208 corresponds to a desired
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intake MAF and the adjusted combustion input mechanism
parameter 216 corresponds to an adjusted duration of nega-
tive valve overlap in each cylinder associated with controlling
the monitored intake MAF to converge toward the desired
intake MAF. The adjusted duration of negative valve overlap
in each cylinder is defined by the duration of crank angle
between exhaust valve closing and intake valve opening. The
intake MAF is monitored by the MAF sensor 36. The moni-
tored intake MAF can correlate to the amount of internal
residual gas mass within the cylinder from a previous com-
bustion cycle, where adjusting the duration of negative valve
overlap influences the amount of internal residual gas mass.
Hence, the desired intake MAF can correlate to a desired
amount of internal residual gas mass within each cylinder
based on the engine operating parameters 204. In particular,
increased internal residual gas mass from a previous cycle can
be retained with earlier closing of the exhaust valve (i.e.,
advancing closing of the exhaust valve), which leaves less
room for incoming fresh air mass. The net effects are higher
cylinder charge temperature and lower cylinder oxygen con-
centration. Hence, adjusting the duration of negative valve
overlap in each cylinder can increase or decrease the moni-
tored intake MAF. The amount of duration the negative valve
overlap is advanced or retarded can correspond to an amount
proportional to the combustion input parameter deviation
212. It will be appreciated that adjusting the duration of
negative valve overlap associated with controlling the moni-
tored intake MAF to converge toward the desired intake MAF
is preferably utilized when the engine is operating with an
air-fuel ratio that is lean of stoichiometry.

In another exemplary embodiment of the present disclo-
sure, the monitored combustion input parameter 217 corre-
sponds to a monitored intake O, concentration, the desired
combustion input parameter 208 corresponds to a desired
intake O, concentration and the adjusted combustion input
mechanism parameter 216 corresponds to an adjusted exter-
nal EGR valve position (i.e., EGR valve 38 illustrated in F1G.
1) associated with controlling the monitored intake O, con-
centration to converge toward the desired intake O, concen-
tration. The intake O, concentration entering the engine 10
can be directly controlled via the EGR valve 38 position. The
intake O, concentration is monitored by the oxygen sensor 8.
The intake O, concentration correlates to the external EGR
percentage entering the engine. For instance, intake O, con-
centration decreases as external EGR percentage increases
and intake O, concentration increases as external EGR per-
centage decreases. Therefore, when the monitored intake O,
concentration is less than the desired intake O, concentration,
the external EGR percentage is too high and a combustion
phasing that is too retarded from a desired combustion phas-
ing can result. A retarded combustion phasing refers to a
combustion phasing occurring later in the combustion cycle.
Likewise, when the monitored intake O, concentration is
greater than, or exceeds, the desired intake O, concentration,
the monitored external EGR percentage is too low and a
combustion phasing that is too advanced from the desired
combustion phasing can result. An advanced combustion
phasing refers to a combustion phasing occurring earlier in
the combustion cycle. Therefore, adjusting the external EGR
valve position can increase or decrease the monitored intake
O, concentration. The amount the external EGR valve posi-
tion is adjusted can correspond to an amount proportional to
the combustion input parameter deviation 212.

In another exemplary embodiment of the present disclo-
sure, the monitored combustion input parameter 217 corre-
sponds to a monitored in-cylinder pressure ratio, the desired
combustion input parameter 208 corresponds to a desired
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in-cylinder pressure ratio and the adjusted combustion input
mechanism parameter 216 corresponds to an adjusted
injected fuel mass timing associated with controlling the
monitored in-cylinder pressure ratio to converge toward the
desired in-cylinder pressure ratio. The desired in-cylinder
pressure ratio can be selected to achieve a desired fuel mass
reformation during low engine speed and load operating con-
ditions, where the desired fuel mass reformation is selected in
accordance with maintaining a desired combustion phasing.
Specifically, the adjusted injected fuel mass timing includes
adjusting a first injected fuel mass (i.e., pre-injected fuel
mass) timing during a recompression stroke of a split fuel
injection strategy utilized for maintaining a desired fuel mass
reformation during low engine speeds and loads. In an exem-
plary embodiment, fuel mass reformation increases when the
pre-injected fuel mass timing is advanced. In another exem-
plary embodiment, fuel mass reformation decreases when the
pre-injected fuel mass timing is retarded. The in-cylinder
pressure ratio describes a monitored in-cylinder pressure
after top dead center during the intake stroke over a monitored
in-cylinder pressure before top dead center during an exhaust
or recompression stroke. Utilizing in-cylinder pressure ratios
to control reforming required to support combustion cycles in
HCCI combustion at low engine speeds and loads and main-
taining a desired fuel mass reformation based on adjusting a
first injection timing of a split injection strategy is disclosed in
co-pending U.S. application Ser. No. 12/338,028, which is
incorporated herein by reference. The amount the first injec-
tion timing is advanced or retarded can correspond to an
amount proportional to the combustion input parameter
deviation 212.

In another exemplary embodiment of the present disclo-
sure, the monitored combustion input parameter 217 corre-
sponds to a monitored injected fuel mass, the desired com-
bustion input parameter 208 corresponds to a desired injected
fuel mass and the adjusted combustion input mechanism
parameter 216 corresponds to an adjusted fuel pulse width
associated with controlling the monitored injected fuel mass
to converge toward the desired injected fuel mass. The moni-
tored injected fuel mass can be determined by the product of
monitored intake MAF (e.g., obtained by MAF sensor 32 in
FIG. 1) and monitored air-fuel ratio (e.g., obtained by air-fuel
ratio sensor 40). The fuel pulse width is a duration defined to
inject a predetermined fuel mass from the fuel injector 28 into
the cylinder. For instance, increasing the fuel pulse width
increases the injected fuel mass. Likewise, decreasing the fuel
pulse width decreases the injected fuel mass. The amount the
fuel pulse width is adjusted can correspond to an amount
proportional to the combustion input parameter deviation
212.

In another exemplary embodiment of the present disclo-
sure, the monitored combustion input parameter 217 corre-
sponds to a monitored combustion initiation timing in each
cylinder, the desired combustion input parameter 208 corre-
sponds to a desired combustion initiation timing and the
adjusted combustion input mechanism parameter 216 corre-
sponds to at least one of an adjusted spark ignition timing and
an injected fuel mass timing, each of said spark ignition
timing and said injected fuel mass timing associated with
controlling the monitored combustion initiation timing in
each cylinder to converge toward the desired combustion
initiation timing. Spark-assisted HCCI mode can be utilized
during high-load operation. Spark assist can be utilized when
the engine is operating with a stoichiometric air-fuel ratio.
The adjusting at least one of said adjusted spark ignition
timing and said injected fuel mass timing corresponds to one
of advancing or retarding the combustion initiation timing in
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each cylinder. When the engine is operating in a controlled
auto-ignition (HCCI) mode, adjusting said injected fuel mass
timing can be dominantly utilized where the adjusted injected
fuel mass timing includes delivering the injected fuel mass in
a single injection defined by a crank angle location at an end
of injection. When the engine is operating with a stoichio-
metric air-fuel ratio including spark-assisted ignition, adjust-
ing said spark ignition timing can be dominantly utilized.

FIG. 3 illustrates a combustion input parameter controller
(CIPC) 300 for monitoring a plurality of combustion input
parameters, where each combustion input parameter is asso-
ciated with a respective combustion input mechanism config-
ured to control at least the respective combustion input
parameter. When at least one of the monitored combustion
input parameters deviates from a respective desired combus-
tion input parameter, at least the respective combustion input
mechanism can be adjusted to converge the at least one com-
bustion input parameter toward the respective desired com-
bustion input parameter. The CIPC 300 includes a torque
module 302, a desired combustion input module (DCIM)
306, a plurality of difference units 307, a monitored combus-
tion input module (MCIM) 309, and a combustion input
mechanism module (CIMM) 314. The control module 5 has
supervisory control over the DCIM 306, the plurality of dif-
ference units 307, the MCIM 309 and the CIMM 314.

The MCIM 309 further includes a manifold pressure ratio
module (MPRM) 337, an intake mass air flow module
(MAFM) 339, an intake O, concentration module (I0CM)
341, an in-cylinder pressure module (ICPM) 343, an injected
fuel mass module (IFMM) 345 and a combustion initiation
timing module (CITM) 347. The MPRM 337 monitors at
least one of a manifold pressure ratio and a manifold pressure
difference 387, the MAFM 339 monitors an intake MAF 389,
the IOCM 341 monitors an intake O, concentration 391, the
ICPM 343 monitors an in-cylinder pressure 393, the IFMM
345 monitors an injected fuel mass and the CITM 347 moni-
tors a combustion initiation timing 397.

The CIMM 314 includes a spark ignition timing and
injected timing module (SITM) 332 for controlling combus-
tion initiation timing in each cylinder, a fuel pulse width
module FPWM 334, an injected fuel mass timing module
(IFTM) 336, an EGR valve position module (EVPM) 338, an
NVO module (NVOM) 340 and a throttle position module
(TPM) 342.

Based on engine operating parameters 304, the DCIM 306
determines a plurality of desired combustion input param-
eters 308, 312, 316, 320, 324 and 328. Each of the plurality of
desired combustion input parameters 308, 312, 316, 320, 324
and 328 are determined to achieve and maintain a desired
combustion phasing based on the engine operating param-
eters 304. The plurality of desired combustion input param-
eters include a desired combustion initiation timing 308, a
desired injected fuel mass 312, a desired in-cylinder pressure
316, a desired intake O, concentration 320, a desired intake
mass airflow 324 and at least one of a desired manifold
pressure ratio and a desired manifold pressure difference 328.
The desired combustion phasing is determined for maintain-
ing acceptable combustion properties including combustion
noise, combustion efficiency and combustion stability. The
engine operating parameters 304 can include desired engine
speed, desired in-cylinder temperature, desired injected fuel
mass and/or desired engine load in response to a torque
request obtained by the torque module 302. The torque
request can be in response to an operator input (e.g., via the
accelerator pedal and the brake pedal), or the torque request
can be in response to an auto start condition monitored by the
control module 5.
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Each of the desired combustion input parameters 308, 312,
316,320, 324 and 328 are input to a respective difference unit
310, 314, 318, 322, 326 and 330 and compared with each
respective monitored combustion input parameter 397, 395,
393, 391, 389 and 387. Based on the comparing, each differ-
ence unit 310, 314, 318, 322, 326 and 330 determines a
respective combustion input deviation 311, 315, 319, 323,
327 and 331 that is input to the respective module 332, 334,
336, 338, 340 and 342 of the CIMM 314.

Each module 332, 334, 336, 338, 340 and 342 adjusts a
respective combustion input mechanism parameter, where
each respective combustion input mechanism is associated
with respective ones of the monitored combustion input
parameters 397, 395, 393, 391, 389 and 387. Hence, each
combustion input mechanism can be adjusted for controlling
each respective combustion input parameter that deviates
from the respective desired combustion input parameter. The
adjusting converges each monitored input parameter towards
respective ones of the desired combustion input parameters.
Hence, each module 332, 334, 336, 338, 340 and 342 can
adjust each respective combustion input mechanism param-
eter by an amount corresponding to the respective combus-
tion input parameter deviation 311, 315, 319, 323, 327 and
331. Accordingly, each module 332, 334, 336, 338, 340 and
342 outputs a respective adjusted combustion input mecha-
nism 313, 317, 321, 325, 329 and 333 that is input to the
engine 10 for controlling each respective combustion input
parameter to converge towards respective ones of the desired
combustion input parameters.

The CIPC 200 of FIG. 2 enables monitoring of a single
combustion input parameter, where a separate CIPC 200 is
required for each combustion input parameter being moni-
tored, and potentially controlled via adjusting the associated
combustion input mechanism to converge the monitored
combustion input parameter toward the respective desired
combustion input parameter. On the other hand, the exem-
plary CIPC 300 enables monitoring a plurality of combustion
input parameters (e.g., combustion input parameters 387,
389, 391, 393, 395 and 397) without the need of a separate
controller for each of the combustion input parameters.
Accordingly, the CIPC 300 of FIG. 3 canaccomplish all of the
functions of the various embodiments of the CIPC 200 of
FIG. 2 described above in a single controller configured to
adjust each respective combustion input mechanism for con-
trolling each respective combustion input parameter that
deviates from a respective desired combustion input param-
eter in order to converge each combustion input parameter
towards respective ones of the desired combustion input
parameters. However, the CIPC 300 is not limited to the
plurality of combustion parameters input listed above, and
can additionally monitor any combination of combustion
input parameters depending upon engine operation, engine
speed, engine load and in-cylinder temperature.

Additionally, when more than one of the combustion input
parameters deviate from respective ones of the plurality of
desired combustion input parameters, the CIMM 314 can be
configured to determine a coupling between each of the devi-
ated combustion input parameters and each respective com-
bustion input mechanism based on the engine operating
mode. An amount of deviation between each of the deviated
combustion input parameters and the respective ones of the
desired combustion input parameters can be monitored.
Accordingly, at least one of the respective combustion input
mechanisms can be adjusted in accordance with the deter-
mined coupling and the amount of deviations to converge
each of the deviated combustion input parameters toward
each respective desired combustion input parameter. For
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instance, in addition to controlling the intake O, concentra-
tion entering the engine, adjusting the external EGR percent-
age entering the engine can additionally control or influence
the intake mass airflow. Similarly, in addition to controlling
the intake mass airflow, adjusting a duration of negative valve
overlap can additionally control or influence a manifold pres-
sure metric including at least one of a manifold pressure ratio
and a manifold pressure difference.

Ina non limiting example, when the engine operating mode
is stoichiometric, and in response to a monitored manifold
pressure ratio deviating (e.g., deviated manifold pressure
ratio) from a desired manifold pressure ratio and a monitored
intake O, concentration deviating (e.g., deviated intake O,
concentration) from a desired intake O, concentration, the
CIMM 314 can determine a coupling between each of the
deviated combustion input parameters including the manifold
pressure ratio and the intake O, concentration and each of the
respective combustion input mechanisms including a throttle
valve position respective to the manifold pressure ratio and an
external EGR percentage entering the engine respective to the
intake O, concentration. When the amount of deviation
between the manifold pressure ratio and the desired manifold
pressure ratio is greater than the amount of deviation between
the intake O, concentration and the desired intake O, concen-
tration, the throttle valve position can be dominantly adjusted
and the external EGR percentage entering the engine can be
secondarily adjusted in accordance with the determined cou-
pling and the amount of deviations to converge the manifold
pressure ratio toward the desired manifold pressure ratio and
the intake O, concentration toward the desired intake O,
concentration. When the amount of deviation between the
intake O, concentration and the desired intake O, concentra-
tion is greater than the amount of deviation between the
manifold pressure ratio and the desired manifold pressure
ratio, the external EGR percentage entering the engine can be
dominantly adjusted and the throttle valve position can be
secondarily adjusted in accordance with the determined cou-
pling and the amount of deviations to converge the deviated
manifold pressure ratio toward the desired manifold pressure
ratio and the deviated intake O, concentration toward the
desired intake O, concentration.

It will be appreciated that secondarily adjusting a combus-
tion input mechanism corresponds to adjusting the combus-
tion input mechanism by an amount less than required to
converge a respective combustion input parameter towards
achieving a respective desired combustion input parameter.
Thus, secondarily adjusting the combustion input mechanism
can be utilized to converge the respective combustion input
parameter toward the desired combustion input parameter in
accordance with a determined coupling with another combus-
tion input mechanism that is respective to another combustion
input parameter that deviates from a respective desired com-
bustion input parameter, whereas the other combustion input
mechanism is dominantly adjusted and thereby influencing
each of the deviated combustion input parameters to converge
toward their respective desired combustion input parameters.

In another non-limiting example, when the engine operat-
ing mode is lean of stoichiometry, and in response to a moni-
tored intake mass airflow deviating (e.g., deviated intake
mass airflow) from a desired intake mass airflow and a moni-
tored manifold pressure ratio deviating (e.g., deviated mani-
fold pressure ratio) from a desired manifold pressure ratio, the
CIMM 314 can determine a coupling between each of the
deviated combustion input parameters including the intake
mass airflow and the manifold pressure ratio and each of the
respective combustion input mechanisms including a dura-
tion of negative valve overlap respective to the intake mass
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airflow and a throttle valve position respective to the manifold
pressure ratio. The duration of negative valve overlap can be
dominantly adjusted and the throttle valve position can be
secondarily adjusted in accordance with the determined cou-
pling and the amount of deviations to converge the deviated
intake mass airflow toward the desired intake mass airflow
and the deviated manifold pressure ratio toward the desired
manifold pressure ratio.

The disclosure has described certain preferred embodi-
ments and modifications thereto. Further modifications and
alterations may occur to others upon reading and understand-
ing the specification. Therefore, it is intended that the disclo-
sure not be limited to the particular embodiment(s) disclosed
as the best mode contemplated for carrying out this disclo-
sure, but that the disclosure will include all embodiments
falling within the scope of the appended claims.

The invention claimed is:

1. Method for controlling combustion in a spark-ignition
direct-injection internal combustion engine, comprising:

within a dedicated engine control module of a motor

vehicle, controlling engine operating parameters to

achieve desired operation of the internal combustion

engine, the controlling comprising programming con-

figured to:

prior to an upcoming combustion event, monitor a plu-
rality of combustion input parameters for the upcom-
ing combustion event selected from

a single value selected from a manifold pressure value,
an intake mass air flow, and an in-cylinder pressure,

an intake O, concentration,

an injected fuel mass, and

a combustion initiation timing; and

when at least one of the monitored combustion input

parameters deviates from a respective desired combus-

tion input parameter,

determine a coupling relationship comprising effects
that changing at least one of the monitored combus-
tion input parameters has on the other combustion
input parameters, and

adjust a plurality of input mechanisms associated with
controlling the at least one monitored combustion
input parameter to converge toward the respective
desired combustion input parameter based upon the
determined coupling relationship.

2. The method of claim 1 wherein adjusting said combus-
tion input mechanisms comprises adjusting a throttle valve
position associated with controlling a manifold pressure met-
ric to converge manifold pressure toward a desired manifold
pressure.

3. The method of claim 2 wherein said manifold pressure
metric comprises at least one of:

a manifold pressure ratio comprising a ratio of an intake

manifold pressure to an exhaust manifold pressure; and

a manifold pressure difference comprising a difference

between the intake manifold pressure and the exhaust
manifold pressure.

4. The method of claim 1 wherein adjusting said combus-
tion input mechanisms comprises adjusting a duration of
negative valve overlap between an exhaust valve closing and
an intake valve opening for each cylinder associated with
controlling an intake mass airflow to converge toward a
desired intake mass airflow.

5. The method of claim 1 wherein adjusting said combus-
tion input mechanisms comprises adjusting an EGR valve
position associated with controlling an intake O, concentra-
tion to converge toward a desired intake O, concentration.
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6. The method of claim 1 wherein adjusting said combus-
tion input mechanisms comprises adjusting an injected fuel
mass timing associated with controlling an in-cylinder pres-
sure ratio to converge toward a desired in-cylinder pressure
ratio selected to maintain a desired fuel mass reformation
based on an engine speed, an engine load and an in-cylinder
temperature.

7. The method of claim 6 wherein adjusting the injected
fuel mass timing comprises adjusting a pre-injected fuel mass
timing during a recompression stroke in a split fuel injection
strategy utilized for fuel mass reformation at low engine
speeds and loads; and the in-cylinder pressure ratio comprises
a ratio of an in-cylinder pressure after top dead center during
an intake stroke to an in-cylinder pressure before top dead
center during the recompression stroke.

8. The method of claim 1 wherein adjusting said combus-
tion input mechanisms comprises adjusting an amount of fuel
pulse width associated with controlling a monitored injected
fuel mass to converge toward a desired injected fuel mass.

9. The method of claim 1 wherein adjusting said combus-
tion input mechanisms comprises adjusting at least one of a
spark ignition timing and an injected fuel mass timing, each
of said spark ignition timing and said injected fuel mass
timing associated with controlling a combustion initiation
timing to converge toward a desired combustion initiation
timing.

10. The method of claim 9 wherein adjusting at least one of
said spark ignition timing and said injected fuel mass timing
comprises:

when the engine is operating in a controlled auto-ignition

mode, dominantly utilizing said adjusted injected fuel
mass timing comprising delivering a fuel mass in a
single injection; and

when the engine is operating with a stoichiometric air-fuel

ratio including spark-assisted ignition, dominantly uti-
lizing said adjusted spark ignition timing.

11. The method of claim 1 wherein adjusting said combus-
tion input mechanisms comprises adjusting the combustion
input mechanism by an amount corresponding to the amount
the combustion input parameter deviates from the respective
desired combustion input parameter.

12. Method for controlling combustion in a spark-ignition
direct-injection internal combustion engine, comprising:

within a dedicated engine control module of a motor

vehicle, controlling engine operating parameters to
achieve desired operation of the internal combustion
engine, the controlling comprising programming con-
figured to:
prior to an upcoming combustion event, monitor a plu-
rality of combustion input parameters for the upcom-
ing combustion event selected from and
a single value selected from a manifold pressure
value, an intake mass air flow, and an in-cylinder
pressure,
an intake O, concentration,
an injected fuel mass, and
a combustion initiation timing;
when at least one of the monitored combustion input
parameters deviates from a respective desired com-
bustion input parameter,
determine a coupling relationship comprising effects
that changing at least one of the monitored com-
bustion input parameters has on the other combus-
tion input parameters, and
adjust a plurality of input mechanisms associated with
controlling the at least one monitored combustion
input parameter to converge toward the respective
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desired combustion input parameter based upon the 14. The method of claim 12 wherein when more than one of
determined coupling relationship; the monitored combustion input parameters deviates from
wherein the desired combustion input parameters are  respective ones of the plurality of desired combustion input
selected to maintain a desired combustion phasing for parameters, and when the engine operating mode is lean of

achieving acceptable combustion stability, combustion 5 stoichiometry:
efficiency and combustion noise levels based on an determining a coupling between each of the deviated com-
engine speed, an engine load and an in-cylinder tem- bustion input parameters comprising an intake mass ai-

perature.

13. The method of claim 12 wherein when more than one of
the monitored combustion input parameters deviates from 10
respective ones of the desired combustion input parameters,
and when the engine operating mode is stoichiometric:

determining a coupling between each of the deviated com-

flow and a manifold pressure ratio and each of the
respective combustion input mechanisms comprising a
duration of negative valve overlap respective to the
intake mass airflow and a throttle valve position respec-
tive to the manifold pressure ratio; and

bustion input parameters comprising a manifold pres-

dominantly adjusting the duration of negative valve over-
lap and secondarily adjusting throttle valve position in

sure ratio and an intake O, concentration and each of the 15 . . .

respective combustion input mechanisms comprising a a.ccordance with the.: respective coupling and.the respec-

throttle valve position respective to the manifold pres- tiveamounts of deviation to converge the deVle}ted intake

sure ratio and an external EGR percentage entering the mhas(si al?’ﬂog towe.u%dl(ai desired 1nta1?e mass (ailrﬂ(oiw a ng

engine respective to the intake O, concentration; and one the deviated mantlold pressure ratio toward a desire

of 2 manifold pressure ratio.

when an amount of deviation between the manifold pres- . 15..Appe.1re.1tus.for .controlhng a ml?hl'cyh?der spark.-lgm-
sure ratio and a desired manifold pressure ratio is tion direct-injection 1nterngl Fombustlon engine, comprising:
greater than an amount of deviation between the a control modqle COMPIISINg, . .
intake O, concentration and a desired intake O, con- amodule, priorto anupcoming gom.b ustion event, momi-
centration, dominantly adjusting the throttle valve 25 toring aplgrahty of corpbustlon input parameters for
position and secondarily adjusting the external EGR the v piomu}g comlbustlgnfevent selectf:;i lféom
percentage entering the engine in accordance with the a smlg ¢ value ls(e ecte .rOIfIll a madm O pre;ssgre
respective coupling and the respective amounts of value, an mtake mass air tow, and an in-cylinder
deviation to converge the manifold pressure ratio prezls(urg, .
toward the desired manifold pressure ratio and the 30 an intake di‘uc olncentratlo(;l,
intake O, concentration toward the desired intake O, an injected fuel mass, and
concentration. and a combustion initiation timing; and

when an amount of deviation between the intake O, a module determining a coupling relationship compris-
concentration and the desired intake O, concentration ng effec.ts that changing at least one of the monitored
is greater than an amount of deviation between the 35 comjbust.lon 1nput parameters ha.s on the other com-
manifold pressure ratio and the desired manifold pres- bustion input parameters and adjusting a plurality of
sure ratio, dominantly adjusting the external EGR combustion input mechanisms associated with con-
percentagé: entering the engine and secondarily trolling the at least one monitored combustion input
adjusting throttle valve position in accordance with parameter 1o converge toward the respective desired
the respective coupling and the respective amounts of 40 combustion input parameter based upon the coupling

deviation to converge the deviated manifold pressure
ratio toward the desired manifold pressure ratio and
the deviated intake O, concentration toward the
desired intake O, concentration.

relationship when the at least one monitored combus-
tion input parameter deviates from a respective
desired combustion input parameter.
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